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Abstract 
The ethanol oxidation reaction in 0.1 M NaOH on Pt nanoparticles with different shapes 
and loadings was investigated using electrochemical and spectroscopic techniques. The 
surface structure effect on this reaction was studied using well-characterized platinum 
nanoparticles. Regardless of the type of Pt nanoparticles used, results show that acetate is 
the main product with negligible CO2 formation. From the different samples used, the 
nanoparticles with a large amount (111) ordered domains have higher peak currents and 
a higher onset potential, in agreement with previous works with single crystal electrodes. 
In addition, spherical platinum nanoparticles supported on carbon with different loadings 
were used for studying possible diffusional problems of ethanol to the catalyst surface. 
The activity in these samples diminishes with the increase of Pt loading, due to diffusional 
problems of ethanol throughout the whole Pt nanoparticle layer, being the internal part of 
the catalyst layer inactive for the oxidation. To avoid this problem and prepare more 
dispersed nanoparticle catalyst layers, deposits were dried while the carbon support was 
rotated to favor the dispersion of the layer around the support. The improvement in the 
electrocatalytic activity for ethanol oxidation confirms the better performance of this 
procedure for depositing and drying. 
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1. Introduction 
Platinum is one on the most studied materials for its use as anode and/or cathode in 
the fuel cell technology [1,2]. Most of the electrochemical reactions occurring in fuel cells 
are structure sensitive, that is, depending on the crystallographic orientation of the atoms 
on the catalyst surface, the electrocatalytic activity changes. With the aim of 
understanding this effect, platinum single crystal electrodes with a well-known surface 
structure are used for fundamental studies of reactions with practical use in fuel cells [3-
9]. However, single crystal electrodes are not very useful from an applied point of view, 
and electrocatalysts are usually presented in the form of nanoparticles. The effects of 
surface structure are still important in nanoparticles, so it is necessary to control the atom 
arrangement on the catalyst surface. With this aim, nanoparticles with different shapes, 
that is, with different distribution of well-ordered crystallographic domains, have been 
synthesized. These different nanoparticles have previously allowed extending the 
correlations between surface structure and reactivity observed with single crystal 
electrodes for several reactions such as the oxidations of formic acid, methanol, ethanol 
or ammonia [10-13] or the reduction of oxygen [14]. Additionally, in some cases, the 
behavior of the nanoparticle electrodes differs from that observed with single crystal 
electrodes [15,16]. 
Among the molecules reacting in the anode of fuel cells, ethanol presents some 
advantages: it is possible to be obtained directly from the biomass, it is easy to store and 
it has a higher energy density in the complete oxidation to CO2. In this reaction, 12 e
- are 
exchanged: 
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The thermodynamic standard potential is 0.085 V vs SHE, giving a standard potential of 
1.145 V for ethanol-oxygen fuel cell [17]. Nevertheless, the formation of many undesired 
products and by-products due to its complex oxidation process, in addition to the 
difficulty for breaking the C-C bond of ethanol at low temperatures, cause a decrease in 
the efficiency of the ethanol fuel cell. 
As observed for other fuels, ethanol oxidation is a structure sensitive reaction on 
platinum electrodes [18]. The oxidation mechanism in acidic solutions has a dual-path 
mechanism: 
 
Steps (1) and (2) correspond to the incomplete oxidation route to acetic acid. Step (1) 
presents the formation of acetaldehyde, exchanging two electrons for this process, 
whereas step (2) displays the final acetic acid formation with the exchange of two 
additional electrons. Acetic acid is considered as a final product, because it is very 
difficult to oxidize at room temperature [19]. Steps (3) and (4) represent the reaction steps 
that lead to the C-C bond scission necessary for achieving the complete oxidation to CO2, 
forming one-carbon fragments from ethanol or acetaldehyde [20,21]. Behm’s group 
[22,23] have proposed acetyl species as the active intermediate for these CHX and one 
carbon oxygenated fragments, which is quickly transformed in CO through the reaction 
step (5). CO is strongly adsorbed on the Pt surface and hinders the electrocatalytic 
response of the electrode. The final oxidation to CO2 is presented in the step (6). On Pt 
(111) electrodes, only the incomplete oxidation to acetic acid is observed in acidic 
medium, whereas on Pt (110) and, mainly, on Pt (100), the breakage of the C-C bond and, 
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consequently, CO formation is favored in the same medium [18]. The strategies to 
improve the electrocatalysis of this reaction seek electrode materials that increase the rate 
of the C-C bond cleavage and catalyze step (6) at lower potentials. Some alternatives for 
platinum are the use of (110) stepped surfaces on (111) terraces [24] or the presence of 
foreign atoms adsorbed on the Pt surface [25-29]. 
A change in the reactivity in the electrooxidation of small organic molecules such 
as C1-C2 alcohols is normally observed in alkaline solutions showing higher activities 
than in acidic solutions [30]. This fact, together with other advantages of the alkaline 
medium, such as the lower corrosive properties (allowing the use of cheaper catalysts) 
[31], have triggered fundamental studies in the electrocatalysis of these systems for 
alkaline fuel cells (AFCs). However, there are mainly two problems when working at 
higher pHs: the carbonation of the system due to the CO2 trapping and the necessity of 
finding membranes capable of working in these pH values. Fortunately, new membranes 
have been developed recently [32,33] for overcoming this problem. Some positive results 
have been obtained for the complete oxidation of ethanol working in alkaline solutions 
[34] with membrane electrode assemblies (MEAs), obtaining efficiency values of 55% 
for CO2 at 60ºC, improving the efficiency of 2% observed in the same conditions for 
acidic solutions. 
Ethanol oxidation mechanism on platinum is also structure sensitive in alkaline 
medium, but the ratio between the products is different from that in acid medium. A 
previous work done by our group with single crystal electrodes using electrochemical and 
FTIR techniques at room temperature [35] showed the preference for the acetate 
formation independently of the surface structure of the electrodes. In this medium, CO2 
formation bands in FTIR were almost negligible and mainly related to pH changes in the 
thin layer configuration. These results agree with infrared experiments done by 
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Christensen et al. with polycrystalline electrodes [36] or older results with single crystal 
electrodes [37]. However, Lai et al. proposed, according with Raman experiments, the 
adsorption of CO and CHx species on (111) platinum sites during ethanol oxidation [38]. 
Finally, as in acidic solutions, some studies try to achieve the complete oxidation in 
alkaline media by adding foreign atoms adsorbed on the platinum surface, as for example, 
modifying Pt single crystal electrodes with Pb [39]. 
On the other hand, and in addition to the surface structure effect, the dispersion of 
the catalytic material on the supporting material is of paramount importance for the 
correct evaluation of the electrocatalyst properties. Nanoparticle agglomeration causes 
different effects on the studied reaction. A typical example of this is the CO 
electrooxidation reaction on platinum nanoparticles [15,40]. These studies have shown 
that peak multiplicity and lower onset for CO oxidation are related to the nanoparticle 
agglomeration. In the case of formic acid or ethanol oxidation reactions, studies with 
different loadings of Pt nanoparticles supported on carbon in acidic medium show a 
decrease in current densities when the Pt loading is increased [16], due to diffusional 
problems of the reactant species in the platinum nanoparticle layer.  
In the present manuscript, the effect of the surface structure/shape of platinum 
nanoparticles for ethanol oxidation has been studied in alkaline solutions, trying to 
establish a relationship with previous studies with Pt single crystal electrodes. In addition, 
agglomeration effects have also been examined in this medium, to determine the role of 
ethanol diffusion into the Pt nanoparticle catalyst layer by using disperse and non-disperse 
deposits. For both objectives, voltammetric and chronoamperometric techniques were 
used for analyzing the reactivity of the Pt surfaces and spectroelectrochemical 
experiments were carried out for determining the species adsorbed and formed during 
ethanol oxidation on platinum nanoparticles.  
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2. Experimental 
Four different Pt nanoparticle samples with different shapes were used. 
Polyoriented nanoparticles, denoted as (poly)Pt, were synthesized with the water-in-oil 
microemulsion method [41,42] (water/polyethylene glycol dodecyl ether (Brij®30)/n-
heptane) using 0.1 M H2PtCl6 as platinum precursor. Reduction was done directly by 
adding NaBH4 (10 times the stoichiometric amount) to the micellar solution. After 
reduction, nanoparticles were precipitated by adding NaOH, and then cleaned using 
acetone and ultrapure water. Pt nanoparticles with preferential surface orientation were 
prepared using the colloidal method [43,44]. They present predominant (100), (111) and 
a mixture of (100) and (111) domains, denoted through the paper as (100)Pt, (111)Pt and 
(100-111)Pt nanoparticles, respectively. For synthesizing them, 0.5 mL of 0.1 M sodium 
polyacrilate solution (Mw = 2100) were added to 100 mL of an aged solution with the 
platinum precursor (10-4 M), K2PtCl4 for (100)Pt nanoparticles and H2PtCl6 for (111)Pt 
and (100-111)Pt nanoparticles. The ratio between the sodium polyacrilate and the Pt 
precursor was 5:1. The pH was adjusted to 7 with 0.1 M HCl for (100)-(111)Pt and 
(111)Pt nanoparticles, whereas for the (100)Pt nanoparticles, pH was not adjusted. After 
that, the solutions were deaerated with Ar for 20 min and Pt ions were reduced by 
bubbling H2 during 5 minutes, except for the (111)Pt sample, that was purged for only 5 
minutes whereas reduction time with H2 was limited to 1 min. At this point, the reaction 
container was left overnight for complete the reduction (12-14 h). After this, two NaOH 
pellets were added to induce precipitation of nanoparticles. Finally, samples were cleaned 
3-4 times with ultrapure water.  
To analyze possible diffusional problems of ethanol to the catalyst surface during 
ethanol oxidation, polyoriented platinum nanoparticles supported on carbon were 
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synthesized using the citrate method [45,15] with different metal loadings. In brief, 
sodium citrate, which acts as stabilizer, and H2PtCl6 (the platinum precursor) were mixed 
in the same concentration (2.5× 10-4 M) with ice-cold sodium borohydride, which is the 
reducing agent. Once the platinum was reduced, carbon vulcan XC-72R was added under 
stirring conditions. Magnetic and ultrasonic stirring was alternated for two hours with the 
aim of dispersing the carbon in the water solution and favoring the adsorption of the 
nanoparticles on the carbon surface. The different Pt loadings were obtained by varying 
the ratio between the amount of Pt and carbon vulcan. After the adsorption of 
nanoparticles on carbon, two NaOH pellets were added to precipitate the catalysts 
overnight. Then, they were washed and filtered with ultrapure water-NaOH 4-5 times. 
These Pt nanoparticles supported on carbon are denoted as Pt(10%), Pt(20%), Pt(30%), 
Pt(40%) and Pt(50%) depending on the Pt loading of the sample, and Pt(100%) for the 
unsupported Pt nanoparticles. 
For the studies with the preferentially oriented Pt nanoparticles, hemispherical 
polycrystalline gold was used as a support (ca. 3 mm2) and the amount of nanoparticles 
was adjusted so that the platinum active area was between 0.05-0.1 cm2, in order to avoid 
transport problems of the reactant species to the catalyst surface. This effect is studied 
with the nanoparticles supported in carbon. Therefore, for these nanoparticles, a fix 
amount of 4 µL was deposited on a commercial glassy carbon support with a 3 mm 
diameter. All the Pt nanoparticles were cleaned using CO adsorption and stripping in 0.5 
M H2SO4, following the procedure of refs. [41,46]. Before each experiment, a blank 
voltammogram was recorded in 0.5 M H2SO4. The active area was calculated using the 
charge of the hydrogen adsorption/desorption region after the apparent double layer 
subtraction, considering a charge density of 0.23 mC cm-2 up to 0.6 V [47]. The upper 
potential limit in all the voltammograms is set always below 0.95 V to assure the stability 
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of the surface structure of the nanoparticles. Additionally, a blank voltammogram is also 
recorded after the ethanol oxidation experiments to verify that the nanoparticle samples 
have not suffered any modification. 
In situ FTIR spectra were acquired using a Nicolet (Model 8700) spectrometer, 
equipped with a MCT (Mercury-Cadmium-Telluride) detector. The 
spectroelectrochemical cell was coupled in a CaF2 window beveled at 60º as described 
previously [48]. The spectra were obtained from the average of 100 interferograms with 
a resolution of 8 cm-1 using p-polarized light and are presented with absorbance units, 
A=-log[(R1-R2)/R1], where R2 and R1 are the reflectance values corresponding to the 
single beam spectra recorded at the sample at any potential and at the reference potential, 
respectively. The reference spectra were taken at 0.1 V whereas the sample spectra were 
acquired doing different steps between 0.1 V and 0.95 V vs. RHE. Positive bands 
correspond to species that have increased their concentration with respect to the reference 
potential and negative bands indicate species consumed. 
The experiments were performed at room temperature conditions and in a three-
electrode electrochemical cell. A reversible hydrogen (N50, Air liquide) electrode was 
used as a reference and a gold or platinum wire was used as a counter-electrode depending 
on the support used (gold or glassy carbon respectively). Solutions were prepared with 
NaOH (NaOH monohydrate 99.99%, Merck Suprapur), ethanol absolute (Merck p.a.) and 
ultrapure water (Elga Purelab Ultra 18.2 MΩcm), whereas Ar (N50, Air Liquide) was 
used for deoxygenating the solutions. The electrode potential was controlled with a 
µAutolab type III. All the potentials presented in this paper are referred to the reversible 
hydrogen electrode (RHE). Finally, in order to study the agglomeration effect, different 
drying procedures were evaluated. To perform them, an EDI101 rotating disc electrode 
from Radiometer analytical with a commercial glassy carbon tip (ca. 3 mm) was used. 
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3. Results and discussion 
3.1 Characterization of shape-controlled Pt nanoparticles 
Fig. 1 shows some representative TEM images of the four preferentially oriented 
Pt nanoparticles samples studied in this work to evaluate the surface structure effect of 
ethanol electrooxidation. As can be seen, each sample has different shape and size 
characteristics that are summarized in table 1. In this table, the predominant are ordered 
domains on the surface are also given.  
In addition to the TEM images of the nanoparticles, a voltammetric characterization 
is needed to corroborate the presence of the ordered Pt domains suggested with the TEM 
images. The voltammetric profile of a Pt sample in H2SO4 can be considered as a 
fingerprint of its surface structure, which allows assessing the type and ratio of the 
different domains present on the surface [46]. Figure 2 displays the voltammograms 
obtained in 0.5 M H2SO4, highlighting the hydrogen adsorption region for the four 
samples studied. The (poly)Pt nanoparticles present the typical features of a polyoriented 
platinum electrode, with two main peaks at 0.125 V and 0.265 V. The peak at 0.125 V is 
assigned to (110) sites, whereas the peak at 0.265 V corresponds to (100) defects on (111) 
domains or (100) short domains. In the other samples, characteristic peaks for ordered 
domains can be observed in addition to those present in a polyoriented sample. The 
(100)Pt nanoparticles present a peak at 0.370 V, related to the presence of long-range 
(100) ordered domains. This peak is also observed in the (100-111)Pt nanoparticles in 
addition to the wide signal around 0.500 V assigned to sulfate adsorption on (111) ordered 
domains. This latter signal is very prominent for the (100-111) and especially for the 
(111)Pt nanoparticle sample. The voltammetric profile of these samples is perfectly 
symmetrical, corroborating the cleanliness of the surface of the nanoparticle and the 
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success in the removal of the chemicals used during the synthesis. A more detailed study 
of the voltammetric profiles depending on the different preferential surface structure of 
the nanoparticles and the electrolyte has been previously published by our group 
[46,47,49]. 
 
3.2 Ethanol oxidation on preferentially shaped Pt nanoparticles 
Ethanol oxidation experiments were carried out with the preferentially oriented Pt 
nanoparticles in alkaline medium (fig. 3) to study the surface structure effect and to 
establish correlations with previous results with single crystal electrodes [35]. In addition, 
the behavior could be compared with that of the same Pt nanoparticles in acidic solutions 
[12]. In all the experiments, the upper potential limit was set to 0.95 V to avoid changes 
on the surface structure of the Pt nanoparticles due to oxide formation. The first cycle is 
presented in all the figures because a large deactivation process is observed in this 
medium upon cycling. The voltammetric profiles shown in figure 3 clearly illustrate the 
surface structure effect observed for this reaction in alkaline medium, and follow the same 
trends observed with single crystal electrodes [35]. Among the Pt basal planes, it is the 
Pt(111) electrode that exhibiting the highest peak current density and also the highest 
onset potential. Thus, the nanoparticle sample with long range (111) domains, namely 
(111)Pt and (100-111)Pt nanoparticles, present higher currents and a higher onset 
potential, whereas the (100)Pt and (poly)Pt nanoparticles show a lower onset potential. 
The maximum activity (maximum peak current density) for the four prepared samples 
follows the expected order obtained from the reactivity of single crystal electrode [35], 
that is, (111)Pt > (100-111)Pt > (100)Pt > (poly)Pt. On the other hand, the onset potential 
is associated with the adsorption of OH on the Pt surface, because it has been proposed 
that, in alkaline solutions, this species provides the oxygen group necessary for the 
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oxidation of ethanol, in a different way to that taking place in acidic solutions, where 
water molecules act as the oxygen donor to the ethanol molecule. Thus, the OH adsorption 
is the key for triggering the ethanol oxidation, offering a lower onset potential in surfaces 
with (100) domains, as OH adsorption occurs at potentials more negative than those 
observed for the (111) domains [50]. 
When compared to the results obtained in acidic solutions, the voltammetric profile 
in alkaline medium is significantly different, showing higher currents and lower 
hysteresis, independently of the Pt nanoparticle sample used. In acidic conditions, anion 
adsorption plays a significant role in the process, since specific adsorption of anions 
hinder ethanol oxidation, giving rise to lower currents. In perchloric acid solutions, the 
adsorption of acetate coming from the acetic acid formed during the oxidation adsorbs 
strongly on the electrode surface and inhibits the oxidation [18]. When sulfuric acid 
solutions are employed, adsorbed sulfate is detected in the potential window where 
ethanol oxidation takes place. However, in alkaline medium, the absolute potential is 
more negative and acetate (or any other anion) adsorption does not take place, favoring 
the ethanol oxidation. This fact explains the high activity for platinum electrodes in 
alkaline solutions, especially in (111) domains, the most active electrode for acetate 
formation comparing with the other basal planes, as is also observed in perchloric acid 
solutions with the currents at very short times prior to the adsorption of acetate [18]. 
Regarding the different hysteresis observed depending on the nanoparticle sample 
used, this phenomenon is normally related in acidic pH values to the CO formation at low 
potentials and its posterior oxidation at potentials above 0.5-0.6 V. According with the 
low hysteresis observed in figure 3 and using previous results with Pt single crystal and 
Pt polyoriented electrodes [35,36,38], a change in the oxidation mechanism is proposed, 
with a low CO formation rate at low potentials and acetate formation as the main product 
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of the oxidation. Another important difference for ethanol oxidation on Pt nanoparticles 
in alkaline solutions observed also in Pt single crystal electrodes [35] is the huge 
deactivation of the Pt surface (not shown) when the electrode is cycled several times, 
especially when (111) domains are present at the surface. This deactivation is due to 
acetaldehyde formation, the previous step before acetate formation. Acetaldehyde can 
dimerize and produce inhibiting species that adsorb on the surface through CHx groups 
[38] and cause the deactivation. 
In order to gain insight into the stability of the electrocatalytic process at low 
potentials and the importance of this deactivation process, chronoamperometric currents 
were recorded at 0.6 V. This potential was selected because ethanol oxidation has already 
started but currents are not very high so that there are no transport limitations of ethanol 
to the electrode surface. Figure 4 shows the transient currents registered for 15 min after 
two successive steps: first from 0.1 V to 0.9 V, for removing the possible poison species 
formed at lower potentials during 5 s, and then to 0.6 V for recording the transient. The 
measured currents follow the trend observed for the currents recorded in the voltammetric 
profile of Fig. 3 at 0.6 V, displaying the largest current for the (100)Pt nanoparticles, and 
lower activities for the nanoparticles with a larger amount of (111) domains, (100-111)Pt 
and (111)Pt nanoparticles. Nevertheless, in similar experiments performed for single 
crystal electrodes in acidic medium [18], currents of the three platinum basal planes decay 
much faster at 0.6 V due to CO formed which poisons the surface in the case of Pt (100) 
and Pt (110) and to adsorbed anions as acetate or sulfate for Pt (111). However, in alkaline 
solutions, the effect of acetate adsorption can be discarded due to the displacement of the 
absolute potential towards negative values, and CO formation is negligible, suggesting 
that the differences in the transient currents come from the adsorption of the acetaldehyde 
and its polymerization [35]. In connection with this, a slight reactivation is observed at 
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short times for all samples except for (111)Pt nanoparticles sample at 0.6 V. This feature 
is assigned to (100) domains [35], promoting a current increase due to the OH adsorption 
at the beginning of the transient measurements. At 0.6 V, OH adsorption occurs on these 
domains and favors the ethanol oxidation until the formation of the species coming from 
acetaldehyde, which inhibits the platinum surface. 
 
3.3 FTIR experiments for ethanol oxidation 
Figures 5 and 6 show the FTIR experiments carried out with the four preferentially 
oriented Pt nanoparticles with the aim of finding out the species adsorbed or produced 
during ethanol oxidation. The spectra obtained are very similar to those obtained for 
single crystal electrodes [35], with two main bands at 1550 and 1415 cm-1 assigned to the 
O-C-O asymmetrical and symmetrical vibrational modes of acetate respectively, 
according with previous works [36,51]. Acetate bands appear at around 0.3 V for the 
(100)Pt and 0.4 V for (poly)Pt nanoparticles, which are lower potentials in comparison 
with the (111)Pt and (100-111)Pt nanoparticles, where the bands appear at 0.5 V, although 
small signals are observed for (111)Pt at 0.4 V. These data are in agreement with the onset 
potentials for ethanol oxidation, as it is shown in the voltammetric profiles of figure 3, 
that is, ethanol oxidation starts at lower potentials for (100)Pt and (poly)Pt nanoparticles. 
Additionally, a poor affinity of the nanoparticles for the C-C bond scission for ethanol 
oxidation at higher pHs is observed, with very weak bands of adsorbed CO at around 
2030 cm-1 detected at low potentials [35] independently of the preferential surface 
structure of the Pt nanoparticles. These very weak bands support the proposed change in 
the oxidation mechanism with respect to acidic medium. The appearance of small CO2 
bands at 2340 cm-1, atypical at these higher pHs, suggests a large shift in the interfacial 
pH, due to the depletion of the OH- in the thin layer during ethanol oxidation [52,53]. In 
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this sense, the presence of carbonate cannot be discarded, which shows a main band at 
1390 cm-1 that overlaps with the acetate bands. However, according with the negligible 
CO adsorption band, it can be confirmed that the main product in the ethanol oxidation is 
the incomplete oxidation to acetate in the same way that it is observed for the single 
crystal electrodes. 
 
3.4 Characterization of Pt nanoparticles supported on carbon 
To further characterize the behavior of Pt nanoparticles in alkaline solution and 
demonstrate the importance of a good dispersion of the catalyst in the reactive layer, 
additional experiments were carried out with polyoriented nanoparticles supported on 
carbon with different metal loadings. Figure 7 displays the TEM images for these Pt 
samples. As can be seen, the degree of agglomeration increases with the metal loading. 
For the Pt(10%) sample, isolated nanoparticles can be distinguished throughout the 
carbon support, whereas large agglomerates can be observed for the Pt(50%) sample. 
Nevertheless, it is important to highlight that the different samples are made with the 
same synthesis method and the average size of the nanoparticles is practically the same 
for all the samples (between 2.1 and 2.4 nm), implying that the individual nanoparticles 
are the same in all the samples, and discarding any sintering process during the deposition 
of the nanoparticles on the carbon support to produce larger nanoparticles. 
Following the same procedure observed in figure 2 for the electrochemical 
characterization in 0.5 M H2SO4, figure 8 presents the results of the voltammetric profiles 
for the Pt nanoparticles supported on carbon performed in the same electrolyte. Similarly 
to the (poly)Pt nanoparticles of figure 2 (black line), all the carbon-supported samples 
present the characteristic peaks in the hydrogen adsorption/desorption region of a 
polyoriented surface without showing signals coming from large (111) or (100) ordered 
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domains, which are absent on these small nanoparticles. The symmetry and sharpness of 
the hydrogen adsorption/desorption contributions prove the cleanliness of the surface. In 
addition, when the voltammetric profiles are normalized to the platinum electroactive 
area, the double layer contribution of the carbon in the voltammogram diminishes, leading 
to lower current densities in the so called double layer region of Pt. 
In order to confirm that the agglomeration observed by TEM in the samples with a 
high platinum loading does not affect their electrochemical activity, that is to say, that the 
whole sample is contributing to the electrochemical signal registered in the 
voltammograms, the ratio of the currents for hydrogen adsorption and for double layer 
was analyzed for the different samples. Figure 9 shows the ratio between the currents at 
0.12 V, which contains contributions from the platinum and carbon, and 0.42 V, where 
the current is mainly comprising double layer contributions from carbon. As can be seen, 
a clear linear dependence is observed, ensuring that the surface area of platinum is directly 
proportional to the total amount of platinum. In addition, the intercept of the linear fit is 
1, which corroborates that the major contribution for the current at 0.42 V is the double 
layer current from the carbon support. Thus, from the results of figure 9, it can be 
confirmed that the entire surface of the platinum nanoparticles is available for the 
hydrogen adsorption-desorption process. 
 
3.5 Aggregation effect in ethanol oxidation 
The behavior for ethanol oxidation in alkaline medium was studied for these Pt 
samples. Figure 10 shows the results using the same potential window and conditions as 
in figure 3. In spite of the different sizes and the presence of the vulcan support, the 
voltammetric shape and peak currents are the same as those recorded in figure 3 for the 
(poly)Pt nanoparticle sample, indicating that no significant size effects are observed for 
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this reaction for polyoriented Pt nanoparticles. Additionally, as the platinum loading 
increases in the sample, current densities diminish. To calculate these current densities, 
the hydrogen adsorption charge has been used, because figure 9 indicates that the whole 
surface area is electrochemically active. However, the diminution of the current densities 
with the Pt loading indicates that the whole Pt surface area is not active in the same extent 
for ethanol oxidation. This diminution should be related to the increasing diffusional 
problems of ethanol as the loading becomes higher, as happened also in sulfuric and 
perchloric acid solutions [16]. Surely, the most external part of the nanoparticle deposit 
is always contributing to the ethanol oxidation. However, the inner parts of this deposit 
for high loadings are not contributing in the same way because all the ethanol flux coming 
from the bulk solution is mainly consumed in the outer part of the layer. Thus, an apparent 
decrease in the activity is observed when the Pt loading increases due to diffusional 
problems of ethanol through the catalyst layer. It could be consider that the 10% loading 
represents the currents that could be obtained in absence of diffusional problems. To 
prove that, the voltammetric response of a bulk Pt electrode that has been previously 
cycled in the oxide region to remove all the (111) and (100) ordered domains [46], has 
been also incorporated in figure 10. This voltammogram represents the response of a 
typical polycrystalline Pt electrode with no preferential orientation in the same 
experimental conditions used in the nanoparticle tests. Due to the large limiting diffusion 
current that could be obtained for ethanol oxidation if the electrode kinetics for the 
reaction were fast (ca. 100 mA/cm2 for the employed concentration), the measured 
currents for the bulk electrode are not affected by diffusion of ethanol and represent the 
intrinsic activity of the bulk Pt for the reaction. The measured currents for the Pt(10%) 
are slightly higher than those for the Pt(poly), probably related to a small effect of the 
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particular surface structure of the nanoparticles. Thus, these currents represent the 
behavior of the nanoparticles in absence of ethanol diffusion limitations. 
From the results shown in figure 10, it can be said that the dispersion of Pt 
nanoparticles on the carbon support is the key parameter for obtaining the true activity of 
the nanoparticles. With the aim of avoiding the agglomeration of nanoparticles and 
improving the quality of the deposit with better dispersion of the nanoparticles, Garsany 
and co-workers [54-56] proposed a different procedure for preparing the Pt nanoparticle 
deposit that gives reproducible Pt thin films with an increase in activity for the oxygen 
reduction reaction. This method uses a RDE glassy carbon tip rotating at 700 rpm as 
support for the deposit of the different samples of nanoparticles. The same procedure to 
prepare the nanoparticles deposit was used here, using a commercial glassy carbon tip of 
a RDE, which was rotated at 700 rpm while the solution containing the supported 
nanoparticles was dried with Ar. As expected, the dispersion of the layer is significantly 
improved when rotating conditions are used during the drying step. Figure 11 shows the 
effect of the rotation in the dispersion of the catalyst layer. For improving the image 
contrast, a gold support was used instead of a glassy carbon. As can be seen from the 
optical microscope images, the deposit obtained with rotation (fig. 11b) shows a uniform 
dispersion of the catalyst layer. However, in the normal deposit, that obtained without 
rotation (fig. 11a), the deposit is non-uniform and a large fraction of the gold support is 
still visible.   
The electrochemical response of two Pt(40%) nanoparticle layers prepared with and 
without rotation is shown in figure 12. A significant increase in the activity for the sample 
prepared using rotation is observed, which highlights the dependence of the 
electrocatalytic response with the film morphology. Comparing the measured currents for 
both experiments, it can be seen that the voltammograms almost overlap in the regions 
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where small currents are recorded. In this current region, the only difference between both 
samples is a small displacement of the onset potential to lower values for the more 
dispersed sample, which can be related to some minor effect in the local conditions that 
affect the onset potential in agglomerated samples [15]. The almost constant currents in 
the low current regime is a clear indication that for those currents there are no diffusional 
problems, and the whole nanoparticles’ surface is contributing in the same way to the 
ethanol electrooxidation. In the region where high current densities are obtained, larger 
currents are also recorded for the uniform deposit, corroborating its better performance 
for the ethanol electrooxidation.  
 
4. Conclusions 
The results presented here highlight the importance of controlling two parameters 
in the platinum electrocatalysts for ethanol oxidation in alkaline solutions: the surface 
structure and the dispersion of the nanoparticle electrocatalysts. The solution pH also 
affects the reactivity of ethanol in platinum, showing an increasing in the total activity 
when it becomes more alkaline and a change in potential range where the reaction occurs. 
For this purpose, two types of samples were used. For studying the surface structure 
effect, shape-controlled platinum nanoparticles were employed, whereas the effect of the 
dispersion of the catalyst was studied with different loadings of polyoriented 
nanoparticles supported on carbon. 
Shape controlled nanoparticles, namely, (poly)Pt, (100)Pt, (111)Pt and (100-111)Pt 
nanoparticles, were tested for ethanol oxidation in alkaline solution using electrochemical 
and IR techniques. The experiments show the preference for acetate formation 
independently of the preferential shape of the Pt nanoparticles, while the amount of CO2 
formed is always negligible. Additionally, (100) and (poly)Pt nanoparticles show lower 
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currents and a lower onset than the nanoparticles that have a significant fraction of (111) 
ordered domains. The differences in the reactivity have been ascribed to the different OH 
adsorption potential of the different domains present on the surface. 
The use of the polyoriented Pt nanoparticles supported on carbon has demonstrated 
that the dispersion of the catalyst is important for the optimum performance of the deposit. 
Lower activities have been reported in the case of more agglomerated and non-uniform 
deposits. With the aim of increasing the uniformity of the catalyst film, a previously 
reported methodology was used [56,55,54]. With this method the dispersion containing 
the nanoparticles was dried while the electrode was rotated at 700 rpm for improving the 
dispersion of the catalyst. A higher catalytic activity was obtained for the films obtained 
using this procedure, stressing the importance of the dispersion of the catalyst on the 
support for better performances.  
 
Acknowledgments 
This work has been financially supported by the Ministerio de Economía y 
Competitividad and Generalitat Valenciana through projects CTQ2013-44083-P and 
PROMETEOII/2014/013 respectively. 
 
References 
1. Koper MTM (2009) Fuel Cell Catalysis: A Surface Science Approach. Electrocatalysis 
and Electrochemistry. John Wiley & Sons, Hoboken, New Jersey 
2. Parsons R, Vandernoot T (1988) J Electroanal Chem 257:9-45 
3. Lamy C, Leger JM (1991) J Chim Phys Phys-Chim Biol 88:1649-1671 
4. Feliu JM, Herrero E (2003) In: Vielstich W, Gasteiger H, Lamm A (eds) Handbook of 
Fuel Cells - Fundamentals, Technology and Applications, vol 2. John Wiley & Sons, Ltd., 
Chichester, pp 625-634 
5. Iwasita T (2002) Electrochim Acta 47:3663-3674 
6. Orts JM, Fernandezvega A, Feliu JM, Aldaz A, Clavilier J (1990) J Electroanal Chem 
290:119-133 
7. Markovic NM, Gasteiger HA, Ross PN (1995) J Phys Chem 99:3411-3415 
8. Kuzume A, Herrero E, Feliu JM (2007) J Electroanal Chem 599:333-343 
20 
 
9. Rizo R, Herrero E, Feliu JM (2013) Phys Chem Chem Phys 15:15416-15425 
10. Solla-Gullón J, Vidal-Iglesias FJ, López-Cudero A, Garnier E, Feliu JM, Aldaz A 
(2008) Phys Chem Chem Phys 10:3689-3698 
11. Grozovski V, Solla-Gullon J, Climent V, Herrero E, Feliu JM (2010) J Phys Chem C 
114:13802-13812 
12. Buso-Rogero C, Grozovski V, Vidal-Iglesias FJ, Solla-Gullon J, Herrero E, Feliu JM 
(2013) Journal of Materials Chemistry A 1:7068-7076 
13. Vidal-Iglesias FJ, Solla-Gullón J, Rodríguez P, Herrero E, Montiel V, Feliu JM, Aldaz 
A (2004) Electrochem Commun 6:1080-1084 
14. Hernández J, Solla-Gullón J, Herrero E, Aldaz A, Feliu JM (2007) J Phys Chem C 
111:14078-14083 
15. López-Cudero A, Solla-Gullón J, Herrero E, Aldaz A, Feliu JM (2010) J Electroanal 
Chem 644:117-126 
16. Chumillas S, Busó-Rogero C, Solla-Gullón J, Vidal-Iglesias FJ, Herrero E, Feliu JM 
(2011) Electrochem Commun 13:1194-1197 
17. Lamy C, Coutanceau C (2012) In: Zhao Z-XLaTS (ed) Catalysts for Alcohol-Fuelled 
Direct Oxidation Fuel Cells, vol 6. RSC Energy and Enviroment Series  
18. Colmati F, Tremiliosi-Filho G, Gonzalez ER, Berna A, Herrero E, Feliu JM (2008) 
Faraday Discuss 140:379-397 
19. Rodes A, Pastor E, Iwasita T (1994) J Electroanal Chem 376:109-118 
20. Iwasita T, Pastor E (1994) Electrochim Acta 39:531-537 
21. Schmiemann U, Muller U, Baltruschat H (1995) Electrochim Acta 40:99-107 
22. Wang H, Jusys Z, Behm RJ (2004) J Phys Chem B 108:19413-19424 
23. Heinen M, Jusys Z, Behm RJ (2010) J Phys Chem C 114:9850-9864 
24. Colmati F, Tremiliosi G, Gonzalez ER, Berna A, Herrero E, Feliu JM (2009) Phys 
Chem Chem Phys 11:9114-9123 
25. Del Colle V, Berna A, Tremiliosi G, Herrero E, Feliu JM (2008) Phys Chem Chem 
Phys 10:3766-3773 
26. Del Colle V, Santos V, Tremiliosi-Filho G (2010) Electrocatalysis 1:144-158 
27. Del Colle V, Souza-Garcia J, Tremiliosi G, Herrero E, Feliu JM (2011) Phys Chem 
Chem Phys 13:12163-12172 
28. Souza-Garcia J, Herrero E, Feliu JM (2010) ChemPhysChem 11:1391-1394 
29. Mello GAB, Farias MJS, Giz MJ, Camara GA (2014) Electrochem Commun 48:160-
163 
30. Tripkovic AV, Popovic KD, Lovic JD (2001) Electrochim Acta 46:3163-3173 
31. Antolini E, Gonzalez ER (2010) J Power Sources 195:3431-3450 
32. Spendelow JS, Wieckowski A (2007) Phys Chem Chem Phys 9:2654-2675 
33. Coutanceau C, Demarconnay L, Lamy C, Leger JM (2006) J Power Sources 156:14-
19 
34. Rao V, Hariyanto, Cremers C, Stimming U (2007) Fuel Cells 7:417-423 
35. Busó-Rogero C, Herrero E, Feliu JM (2014) ChemPhysChem 15:2019-2028 
36. Christensen PA, Jones SWM, Hamnett A (2012) J Phys Chem C 116:24681-24689 
37. López-Atalaya M, Morallón E, Cases F, Vázquez JL, Pérez JM (1994) J Power 
Sources 52:109-117 
38. Lai SCS, Koper MTM (2009) Phys Chem Chem Phys 11:10446-10456 
39. Christensen PA, Jones SWM, Hamnett A (2013) Phys Chem Chem Phys 15:17268-
17276 
40. Cherstiouk OV, Simonov PA, Zaikovskii VI, Savinova ER (2003) J Electroanal Chem 
554:241-251 
21 
 
41. Solla-Gullón J, Montiel V, Aldaz A, Clavilier J (2000) J Electroanal Chem 491:69-
77 
42. Solla-Gullón J, Montiel V, Aldaz A, Clavilier J (2003) J Electrochem Soc 150:E104-
E109 
43. Ahmadi TS, Wang ZL, Green TC, Henglein A, El-Sayed MA (1996) Science 
272:1924-1926 
44. Ahmadi TS, Wang ZL, Henglein A, El-Sayed MA (1996) Chem Mater 8:1161-1163 
45. Daniel M-C, Astruc D (2003) Chem Rev 104:293-346 
46. Solla-Gullón J, Rodríguez P, Herrero E, Aldaz A, Feliu JM (2008) Phys Chem Chem 
Phys 10:1359-1373 
47. Chen QS, Solla-Gullon J, Sun SG, Feliu JM (2010) Electrochim Acta 55:7982-7994 
48. Iwasita T, Nart FC (1997) Prog Surf Sci 55:271-340 
49. Vidal-Iglesias FJ, Aran-Ais RM, Solla-Gullon J, Herrero E, Feliu JM (2012) ACS 
Catal 2:901-910 
50. Arán-Ais RM, Figueiredo MC, Vidal-Iglesias FJ, Climent V, Herrero E, Feliu JM 
(2011) Electrochim Acta 58:184-192 
51. Zhou Z-Y, Wang Q, Lin J-L, Tian N, Sun S-G (2010) Electrochim Acta 55:7995-
7999 
52. Jeffery DZ, Camara GA (2010) Electrochem Commun 12:1129-1132 
53. Gomes JF, Tremiliosi-Filho G (2011) Electrocatalysis 2:96-105 
54. Garsany Y, Singer IL, Swider-Lyons KE (2011) J Electroanal Chem 662:396-406 
55. Garsany Y, Ge J, St-Pierre J, Rocheleau R, Swider-Lyons KE (2013) ECS Trans 58:3-
14 
56. Garsany Y, Baturina OA, Swider-Lyons KE, Kocha SS (2010) Anal Chem 82:6321-
6328 
 
  
22 
 
Table 1. Physical characteristics of the preferentially ordered nanoparticles used in the 
work. 
 Average 
size/nm 
Preferential 
shape 
Preferential 
ordered 
domains 
(poly)Pt 4.0 ± 0.6 Sphere none 
(100)Pt 8.2 ± 1.6 Cube (100) 
(100-111)Pt 11.5 ± 1.7 Truncated cube (100) & (111) 
(111)Pt 8.6 ± 1.4 Octahedron (111) 
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Figure 1. TEM pictures for: a) (poly)Pt, b) (100)Pt, c) (100-111)Pt and d) (111)Pt 
nanoparticles. 
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Figure 2. Voltammetric profiles in 0.5 M H2SO4 for the different nanoparticle 
samples. Scan rate: 0.05 Vs-1.  
  
25 
 
0
5
10
15
20
25
30
0.0 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 1.0
0
5
10
15
20
25
30
0.0 0.2 0.4 0.6 0.8
0
5
10
15
20
25
30
0.2 0.4 0.6 0.8 1.0
0
5
10
15
20
25
30d)c)
b)
j/
m
A
 c
m
-2
j/
m
A
 c
m
-2
 
 
j/
m
A
 c
m
-2
a)
 
 E vs. RHE/VE vs. RHE/V
 
 
j/
m
A
 c
m
-2
E vs. RHE/V
 
 
E vs. RHE/V
 
Figure 3. Ethanol oxidation (1st cycle): a) (poly)Pt, b) (100)Pt, c) (100-111)Pt and 
d) (111)Pt nanoparticles. Test solution: 0.2 M CH3CH2OH + 0.1 M NaOH. Sweep rate: 
0.02 Vs-1. 
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Figure 4. Current transients recorded at 0.6 V for ethanol oxidation on the different 
Pt nanoparticles. Test solution: 0.2 M CH3CH2OH + 0.1 M NaOH. 
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Figure 5. In situ FTIR spectra for ethanol oxidation on a) (poly)Pt and b) (100)Pt 
nanoparticles, using spectra at 0.1 V as a reference. Test solution: 0.2 M CH3CH2OH + 
0.1 M NaOH. 
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Figure 6. In situ FTIR spectra for ethanol oxidation on a) (100-111)Pt and b) 
(111)Pt nanoparticles using spectra at 0.1 V as a reference. Test solution: 0.2 M 
CH3CH2OH + 0.1 M NaOH. 
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Figure 7. TEM pictures for a) Pt(10%), b) Pt(20%), c) Pt(30%), d) Pt(40%) and e) 
Pt(50%) nanoparticles supported on carbon and f) Pt(100%), the unsupported Pt 
nanoparticles  
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Figure 8. Voltammetric profile for: a) Pt(10%), b) Pt(20%), c) Pt(30%), d) Pt(40%), 
e) Pt(50%) and f) Pt(100%) nanoparticles. Test solution: 0.5 M H2SO4. Scan rate: 0.05 V 
s-1. 
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Figure 9. Ratio between current densities at 0.12 V and 0.42 V vs Pt loading of the 
nanoparticle samples supported on carbon. 
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Figure 10. Voltammetric profiles (1st cycle) in 0.2 M CH3CH2OH + 0.1 M NaOH 
for Pt nanoparticles supported on carbon with different metal loadings and for a cycled 
Pt poly electrode. Sweep rate: 0.02 V s-1. 
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Figure 11. Images of the Pt(40%) nanoparticles deposited on a gold support for a: 
a) non-rotating and b) rotating support (700 rpm) during the drying procedure. 
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Figure 12. Voltammetric profile (1st cycle) for ethanol oxidation for Pt(40%) 
nanoparticles supported on carbon with a static (black line) and rotating (red line) glassy 
carbon support (700 rpm) during the drying deposit procedure. Test solution: 0.2 M 
CH3CH2OH + 0.1 M NaOH. Sweep rate: 0.02 V s
-1. IR drop has been corrected. 
 
